Syntheses, Spectra and Structures of N-heterocycle Vanadyl Glycolates and Lactates Related to Chemical Modelling of Nitrogenases by 李星
 学校编码：10384                               分类号     密级       
学    号：20520131151621                               UDC       
   
   
   
 
 
 
硕  士  学  位  论  文 
 
 
N-杂环乙醇酸、乳酸钒配合物的合成、光谱、
结构及其在化学模拟固氮酶中的应用研究 
Syntheses, Spectra and Structures of N-heterocycle Vanadyl 
Glycolates and Lactates Related to Chemical Modelling of 
Nitrogenases 
 
李  星 
 
指导教师姓名：周 朝 晖 教授 
专  业 名 称：物  理  化  学 
论文提交日期：2016 年 04 月 
论文答辩时间：2016 年 05 月 
学位授予日期：2016 年    月 
                                                      
答辩委员会主席：           
 
评    阅    人：           
 
2016年 05月 
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
  
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
厦门大学学位论文原创性声明 
 
本人呈交的学位论文是本人在导师指导下,独立完成的研究成果。
本人在论文写作中参考其他个人或集体已经发表的研究成果，均在文
中以适当方式明确标明，并符合法律规范和《厦门大学研究生学术活
动规范（试行）》。 
另外，该学位论文为（  周朝晖教授  ）课题（组）的研究成果，
获得（  周朝晖教授  ）课题（组）经费或实验室的资助，在（  周
朝晖教授  ）实验室完成。（请在以上括号内填写课题或课题组负责
人或实验室名称，未有此项声明内容的，可以不作特别声明。） 
 
声明人（签名）： 
2016 年 5 月 20 日 
 
 
 
 
 
 
 
 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
  
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
厦门大学学位论文著作权使用声明 
 
本人同意厦门大学根据《中华人民共和国学位条例暂行实施办法》
等规定保留和使用此学位论文，并向主管部门或其指定机构送交学位
论文（包括纸质版和电子版），允许学位论文进入厦门大学图书馆及
其数据库被查阅、借阅。本人同意厦门大学将学位论文加入全国博士、
硕士学位论文共建单位数据库进行检索，将学位论文的标题和摘要汇
编出版，采用影印、缩印或者其它方式合理复制学位论文。 
本学位论文属于： 
（      ）1.经厦门大学保密委员会审查核定的保密学位论文，
于 2018 年 07 月 01 日解密，解密后适用上述授权。 
（  √   ）2.不保密，适用上述授权。 
（请在以上相应括号内打“√”或填上相应内容。保密学位论文
应是已经厦门大学保密委员会审定过的学位论文，未经厦门大学保密
委员会审定的学位论文均为公开学位论文。此声明栏不填写的，默认
为公开学位论文，均适用上述授权。） 
 
 
                             声明人（签名）： 
2016年 05 月 20 日 
 
 
厦
门
大
博
硕
士
论
文
摘
要
库
  
 
  
厦
门
大
学
博
硕
士
论
文
摘
要
库
目 录 
I 
目 录 
目 录 ............................................................................................................................ I 
Contents ..................................................................................................................... III 
文中使用的缩写和代码 ........................................................................................ V 
摘 要 ........................................................................................................................ VII 
Abstract ...................................................................................................................... IX 
第一章 绪论 ......................................................................................................... 1 
1.1引言 ................................................................................................................. 1 
1.2固氮酶的分类及组成 ..................................................................................... 2 
1.2.1铁蛋白的结构和功能........................................................................... 3 
1.2.2钼铁蛋白的结构和功能....................................................................... 5 
1.3固氮酶的催化机理 ....................................................................................... 10 
1.3.1电子和底物的传递路径..................................................................... 11 
1.3.2 N2的还原 ............................................................................................ 13 
1.3.3 H+的还原 ............................................................................................ 16 
1.3.4 CO和 CO2的还原 ............................................................................. 16 
1.4铁钒(钼)辅基模拟物的化学合成 ................................................................. 17 
1.5论文的选题依据和研究内容 ....................................................................... 20 
第二章 实验方法与条件 .................................................................................... 22 
2.1实验方法 ....................................................................................................... 22 
2.2实验试剂和仪器 ........................................................................................... 22 
2.2.1实验试剂............................................................................................. 22 
2.2.2表征方法............................................................................................. 22 
2.3单晶 X-射线结构分析 .................................................................................. 23 
2.4键价计算 ....................................................................................................... 23 
2.5使用有机配体的结构和性质 ....................................................................... 24 
第三章 乙醇酸钒(IV)配合物的合成、表征和分析 ................................. 28 
3.1单核乙醇酸钒(IV)配合物的合成、表征与分析 ........................................ 28 
3.1.1单核乙醇酸钒配合物的合成与表征................................................. 28 
3.1.2单核乙醇酸钒配合物的谱学分析、结构及合成讨论..................... 29 
3.2多核乙醇酸钒(IV)配合物的合成、表征与分析 ........................................ 38 
3.2.1多核乙醇酸钒配合物的合成与表征................................................. 38 
3.2.2多核乙醇酸钒配合物的谱学分析、结构及合成讨论..................... 38 
3.3键价分析 ....................................................................................................... 45 
厦
门
大
学
博
硕
士
论
文
摘
要
库
厦门大学硕士学位论文—N-杂环乙醇酸、乳酸钒配合物的合成、光谱、结构及其在化学模拟固氮酶中的应用研究 
II 
第四章 乳酸钒(IV)配合物的合成、表征和分析 ..................................... 46 
4.1乳酸钒(IV)配合物的合成、表征与分析 .................................................... 46 
4.1.1乳酸钒配合物的合成与表征............................................................. 46 
4.1.2乳酸钒配合物的谱学分析、结构及合成讨论................................. 47 
4.2键价分析 ....................................................................................................... 61 
第五章 草酸、氨基多羧酸钒(IV)配合物的合成、表征和分析 ......... 62 
5.1草酸钒(IV)配合物的合成、表征与分析 .................................................... 62 
5.1.1草酸钒配合物的合成与表征............................................................. 62 
5.1.2草酸钒配合物的谱学分析和结构讨论............................................. 62 
5.2亚氨基二乙酸钒(IV)配合物的合成、表征及分析 .................................... 67 
5.2.1亚氨基二乙酸钒配合物的合成与表征............................................. 67 
5.2.2亚氨基二乙酸钒配合物的谱学分析和结构讨论............................. 67 
5.3氨基三乙酸钒(IV)配合物的合成、表征及分析 ........................................ 73 
5.3.1氨基三乙酸钒配合物的合成与表征................................................. 73 
5.3.2氨基三乙酸钒配合物的谱学分析和结构讨论................................. 73 
5.4键价分析 ....................................................................................................... 77 
第六章 结果和讨论 .............................................................................................. 78 
附录 1........................................................................................................................ 83 
附录 2........................................................................................................................................ 84 
附录 3........................................................................................................................ 91 
参考文献 ................................................................................................................... 92 
致 谢 ........................................................................................................................ 107 
 
  
厦
门
大
学
博
硕
士
论
文
摘
要
库
Content 
III 
Contents 
Contents(Chinese) ..................................................................................................... I 
Contents(English) .................................................................................................... III 
Abbreviations ............................................................................................................ V 
Abstract(Chinese) .................................................................................................. VII 
Abstract(English) .................................................................................................... IX 
Chapter One Introduction ................................................................................... 1 
1.1 Foreword ......................................................................................................... 1 
1.2 The classification and constituents of nitrogenase ...................................... 2 
1.2.1 The structure and functions of Fe protein ............................................. 3 
1.2.2 The structure and functions of MoFe protein........................................ 5 
1.3 The catalytic mechanism of nitrogenase ..................................................... 11 
1.3.1 Transfer passway of e- and substrates ................................................. 11 
1.3.2 The reduction of N2 ............................................................................. 13 
1.3.3 The reduction of H+ ............................................................................. 16 
1.3.4 The reduction of CO and CO2 ............................................................. 17 
1.4 The chemical synthesis of model complexes of FeV(Mo)-co .................... 17 
1.5 The basis and the main research contents in this thesis ........................... 20 
Chapter Two Experimental Section ............................................................... 22 
2.1 Experimental method .................................................................................. 22 
2.2 Experimental reagents and equipments ..................................................... 22 
2.2.1 Experimental reagents ......................................................................... 22 
2.2.2 Charaterization methods ..................................................................... 22 
2.3 X-ray diffraction analysis ............................................................................ 23 
2.4 Bond valence calculation ............................................................................. 23 
2.5 Structures and properties of organic ligands used in the experiments ... 24 
Chapter Three Synthesis, characterization and analysis of vanadyl 
glycolates (IV) complexes ................................................................................... 28 
3.1 Synthesis, characterization and analysis of mononuclear vanadyl 
glycolates (IV) complexes .................................................................................. 28 
3.1.1 Synthesis and characterization ............................................................ 28 
3.1.2 Spectroscopic, structural analysis and synthetic discussions .............. 29 
3.2 Synthesis, characterization and analysis of multinuclear vanadyl 
厦
门
大
学
博
硕
士
论
文
摘
要
库
厦门大学硕士学位论文—N-杂环乙醇酸、乳酸钒配合物的合成、光谱、结构及其在化学模拟固氮酶中的应用研究 
IV 
glycolates (IV) complexes .................................................................................. 38 
3.2.1 Synthesis and characterization ............................................................ 38 
3.2.2 Spectroscopic, structural analysis and synthetic discussions .............. 38 
3.3 Bond valence analysis .................................................................................. 45 
Chapter Four Synthesis, characterization and analysis of vanadyl 
lactates (IV) complexes ....................................................................................... 46 
4.1 Synthesis, characterization and analysis of vanadyl lactates (IV) 
complexes ............................................................................................................ 46 
4.1.1 Synthesis and characterization ............................................................ 46 
4.1.2 Spectroscopic, structural analysis and synthetic discussions .............. 47 
4.2 Bond valence analysis .................................................................................. 61 
Chapter Five Synthesis, characterization and analysis of oxalato, and 
ammonia multi-carboxylato vanadyl (IV) complexes .............................. 62 
5.1 Synthesis, characterization and analysis of oxalato vanadyl (IV) 
complexes ............................................................................................................ 62 
5.1.1 Synthesis and characterization ............................................................ 62 
5.1.2 Spectroscopic ans structural analysis .................................................. 62 
5.2 Synthesis, characterization and analysis of iminodiacetato vanadyl (IV) 
complexes ............................................................................................................ 67 
5.2.1 Synthesis and characterization ............................................................ 67 
5.2.2 Spectroscopic ans structural analysis .................................................. 67 
5.3 Synthesis, characterization and analysis of nitrilotriacetato vanadyl (IV) 
complexes ............................................................................................................ 73 
5.3.1 Synthesis and characterization ............................................................ 73 
5.3.2 Spectroscopic ans structural analysis .................................................. 73 
5.4 Bond valence analysis .................................................................................. 77 
Chapter Six Results and discussion ................................................................ 78 
Appendix 1 ................................................................................................................ 83 
Appendix 2 ................................................................................................................ 84 
Appendix 3 ................................................................................................................ 91 
References ................................................................................................................. 92 
Acknowledgement ................................................................................................ 107 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
文中使用的缩写和代码 
V 
文中使用的缩写和代码 
化合物 缩写 代码 
乙醇酸 H2glyc  
乳酸 H2lact  
草酸 H2ox  
亚氨基二乙酸 H2ida  
氨基三乙酸 H3nta  
2,2’-联吡啶 2,2’-bpy  
1,10-邻菲啰啉 1,10-phen  
[VO(glyc)(bpy)(H2O)]  1 
[VO(Hglyc)(phen)(H2O)]Cl·2H2O  2 
[V2O2(glyc)2(phen)2]·H2O  3 
[V4O6(glyc)2(bpy)4]·6H2O  4 
[V2O2(S-lact)2(bpy)2]  5 
[V2O2(S-lact)2(phen)2]  6 
[V2O2(R-lact)(S-lact)(bpy)2]  7 
[V2O2(R-lact)(S-lact)(phen)2]  8 
[VO(ox)(bpy)(H2O)]  9 
[VO(ox)(phen)(H2O)]  10 
[VO(ida)(bpy)]·2H2O  11 
(phen)[VO(ida)(phen)]·4H2O  12 
(Hphen)[VO(nta)(H2O)]·2H2O  13 
 
  厦
门
大
学
博
硕
士
论
文
摘
要
库
厦门大学硕士学位论文—N-杂环乙醇酸、乳酸钒配合物的合成、光谱、结构及其在化学模拟固氮酶中的应用研究 
VI 
 
  
厦
门
大
学
博
硕
士
论
文
摘
要
库
摘 要 
VII 
摘 要 
固氮微生物能够在温和条件下实现固氮反应，是因为其体内含有一种具有催
化功能的蛋白质—固氮酶。固氮酶催化机理和化学模拟研究一直受到各国重视。
2011 年，高分辨率单晶 X 射线衍射结果显示固氮酶催化活性中心铁钼辅基的结
构为 MoFe7S9C(R-homocit)(N-His)。其中，Mo 原子和三个硫原子、一个组氨酸
咪唑环上的氮原子和两个高柠檬酸上的氧原子配位，形成扭曲的八面体结构。高
柠檬酸通过α-烷氧基氧和α-羧基氧与钼双齿螯合。而且 Spatzal 等观察到了 CO
络合在 FeMo-co 上的结构。钒固氮酶被认为是一种“备份”的固氮酶体系，其
催 化 活 性 中 心 铁 钒 辅 基 的 结 构 与 铁 钼 辅 基 相 似 ， 认 定 为
VFe7S9C(R-homocit)(N-His)。2014年，本组陈灿玉等从精确的小分子结构化学模
拟出发，提出铁钒辅基可能存在加氢新结构 VFe7S9C(R-Hhomocit)(N-His)，并进
一步认为铁钼辅基也可能存在加氢新结构 MoFe7S9C(R-Hhomocit)(N-His)。尽管
钒固氮酶与钼固氮酶的功能和结构相似，但在催化还原 CO时却表现出了不同的
性质。这可能跟钒的性质有关。研究乙醇酸、乳酸等高柠檬酸的同系物与金属钒
的配位化学性质，有助于了解铁钒辅基中高柠檬酸与金属钒的作用方式。本文以
乙醇酸、乳酸、草酸、亚氨基二乙酸、氨基三乙酸等有机羧酸为配体，钒为金属
源，并加入 N-杂环配体邻菲啰啉和联吡啶，合成了系列配合物 1 ~ 13：
[VO(glyc)(bpy)(H2O)] (1) ， [VO(Hglyc)(phen)(H2O)]Cl·2H2O (2) ，
[V2O2(glyc)2(phen)2]·H2O (3)，[V4O6(glyc)2(bpy)4]·6H2O (4)，[V2O2(S-lact)2(bpy)2] 
(5) ， [V2O2(S-lact)2(phen)2] (6) ， [V2O2(R-lact)(S-lact)(bpy)2] (7) ，
[V2O2(R-lact)(S-lact)(phen)2] (8)，[VO(ox)(bpy)(H2O)] (9)，[VO(ox)(phen)(H2O)] 
(10) ， [VO(ida)(bpy)]·2H2O (11) ， (phen)[VO(ida)(phen)]·4H2O (12) ，
(Hphen)[VO(nta)(H2O)]·2H2O (13)。 
本文的主要结果总结如下： 
1、单核的乙醇酸钒配合物 1和 2为 VN2O4构型，钒与乙醇酸的比例为 1：1。
乙醇酸通过α-烷氧基氧和羧基氧与钒双齿螯合，与 FeV-co 中高柠檬酸与钒的配
位模式相同。在 2 中α-烷氧基是质子化的，通过对比红外光谱数据，推测铁钼(
钒)辅基中α-烷氧基也是质子化的。配合物 3是对称双核 V2Ο2构型，钒与乙醇酸
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的比例为 1：1。乙醇酸与钒双齿螯合，α-烷氧基氧作为桥氧与两个钒键连。4是
对称四核 V4Ο4构型，由三个 V2Ο2棱形桥连，钒与乙醇酸的比例为 2：1。乙醇酸
与末端钒原子螯合，α-烷氧基氧作为桥氧与两个钒键连。 
2、双核乳酸钒配合物 5 ~ 8，钒与乳酸的比例为 1：1。乳酸通过α-烷氧基氧
和羧基氧与钒双齿螯合，其中α-烷氧基氧作为桥氧与两个钒键连。其中以 S-乳酸
为配体时，得到对称双核 V2Ο2构型。以 R,S-乳酸为配体时得到不对称双核 V2Ο2
构型。具有手性中心金属钒配合物的 VCD 光谱研究可以为催化活性中心
FeV/FeMo-co的手性中心金属 V/Mo的研究提供指导和参比。 
3、草酸钒配合物 9 和 10 是单核的 VN2O4构型，草酸通过羧基氧与钒双齿
螯合。亚氨基二乙酸钒配合物 11 和 12 为单核 VN3O3构型，亚氨基二乙酸以氨
基氮和羧基氧与钒三齿配位。单核的氨基三乙酸钒配合物 13 为 VNO5构型，氨
基三乙酸以氨基氮和羧基氧与钒四齿配位。草酸、亚氨基二乙酸、氨基三乙酸钒
配合物的合成，表明溶剂、配体、温度、pH 值等因素对有机羧酸配体与金属钒
的配位都会产生影响。 
关键词：钒；铁钒辅基；乙醇酸；乳酸 
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Abstract 
The reduction of dinitrogen to ammonia at mild condition can be realized in the 
process of biological nitrogen fixation, which mainly be attributed to existing of 
nitrogenase in microbes. Its catalytic mechanism and chemical simulation have been 
widely investigated in the past few decades. The high resolution X-ray structural 
analysis of the MoFe protein of nitrogenase reveals the iron molybdenum cofactor 
(FeMo-co) as a cage structure, MoFe7S9C(R-homocit)(N-his) at 2011. The 
molybdenum atom is coordinated with three sulfur atoms, a nitrogen atom from 
histidine residue and two oxygen atoms from homocitrate and the structure of CO 
binding to the FeMo-co has been obtained at 2014. Some organisms have ‘alternative’ 
V-nitrogenase, which inferred to have much similarity with Mo-nitrogenase in 
structure. The iron vanadium cofactor (VFe-co) is also as a cage structure, 
VFe7S9C(R-homocit)(N-his) like FeMo-co. In addition, we have proposed a 
protonated form of cofactor [VFe7S9C(R-Hhomocit)(N-His) and 
MoFe7S9C(R-Hhomocit)(N-His)] from chemical simulation. In spite of the similarity 
in structure, recent references report V-nitrogenase showing different properties in the 
reduction of CO. However, the mechanism of reduction of substrates (N2, CO for 
example) remains unclear. Thus, studying of the chemistry of vanadium with 
homologues of homocitrate is helpful to understanding the coordination environment 
of vanadium atom in iron vanadium cofactor.  
In this thesis, we have synthesized various vanadium complexes 1 ~ 13 with 
glycolic acid, lactic acid, oxalic acid, iminodiacetic acid, or nitrilotriacetic acid 
ligands with 1,10-phenanthroline or 2,2’-bipydine: [VO(glyc)(bpy)(H2O)] (1), 
[VO(Hglyc)(phen)(H2O)]Cl·2H2O (2), [V2O2(glyc)2(phen)2]·H2O (3), 
[V4O6(glyc)2(bpy)4]·6H2O (4), [V2O2(S-lact)2(bpy)2] (5), [V2O2(S-lact)2(phen)2] (6), 
[V2O2(R-lact)(S-lact)(bpy)2] (7), [V2O2(R-lact)(S-lact)(phen)2] (8), 
[VO(ox)(bpy)(H2O)] (9), [VO(ox)(phen)(H2O)] (10), [VO(ida)(bpy)]·2H2O (11), 
(phen)[VO(ida)(phen)]·4H2O (12), (Hphen)[VO(nta)(H2O)]·2H2O (13); and their 
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structural and spectral properties are studied. 
The results of this thesis are summarized as follows: 
1、The glycolate acts as bidenate ligand via its α-alkoxy/α-hydroxy and carboxy 
groups in mononuclear vanadyl glycolates 1 and 2, and vanadium atom formed 
VN2O4 configuration. The molar ratio of vanadium and glycolate is 1 : 1, bidentate 
coordination modes of vanadium in 1 and 2 are similar to that of homocitrato 
vanadium in VFe-co. What’s more, the α-alkoxy group in 2 is protonated. We infer 
that α-alkoxy group in FeV-co/FeMo-co also exist protonated forms, which supported 
by the IR spectra preliminarily. 3 has symmetric V2O2 core. The molar ratio of 
vanadium and glycolate is 1 : 1. 4 has symmetric V4O4 core containing three 
connected V2O2 core. The molar ratio of vanadium and glycolate is 2 : 1. In 3 and 4, 
the glycolate acts as bidenate ligand via its α-alkoxy and carboxy groups, where the 
oxygen atom from α-alkoxy group acts as oxgen bridge with two vanadium atom. 
2、Vanadyl lactates 5 and 6 have symmetric V2O2 core, while 7 and 8 have 
asymmetric V2O2 core. The molar ratio of vanadium and lactate is 1 : 1, the lactate 
acts as bidenate ligand via its α-alkoxy and carboxy groups, where the oxygen atom 
from α-alkoxy group acts as oxgen bridge. The information of VCD spectra of 5 and 
6 may provide potential probes for the identification of the FeV-co with chiral metal. 
3、The complexes 9 ~ 12 are mononuclear with VN2O4 or VN3O3 configuration, 
where the molar ratio of vanadium and oxalate/ida is 1 : 1. For 9 and 10, the oxalate 
acts as bidenate ligand via its carboxy groups. While the ida acts as tridentate ligand 
via its carboxy groups and amino groups. Complex 13 are mononuclear with VNO5 
configuration, where the molar ratio of vanadium and nta is 1 : 1. The nta acts as 
tertdentate ligand via its carboxy group and amino group. Coordination of carboxylic 
acids with vanadium affected by the kinds of carboxylic ligands, solvents, temperture, 
pH value and so on. 
Keywords: vanadium; VFe-cofactor; glycolic acid; lactic acid 
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